Background: Elongin is both a Pol II elongation factor and part of a ubiquitin ligase targeting stalled Pol II. Results: Elongin ubiquitin ligase assembly is driven by signals that provoke Pol II stalling and/or activate Elongin-dependent transcription. Conclusion: Elongin ligase assembly is a regulated process. Significance: This study provides insight into Elongin ubiquitin ligase functions and general mechanisms of ubiquitin ligase activation.
Elongin A performs dual functions in cells as a component of RNA polymerase II (Pol II) transcription elongation factor
Elongin and as the substrate recognition subunit of a Cullin-RING E3 ubiquitin ligase that has been shown to target Pol II stalled at sites of DNA damage. Here we investigate the mechanism(s) governing conversion of the Elongin complex from its elongation factor to its ubiquitin ligase form. We report the discovery that assembly of the Elongin A ubiquitin ligase is a tightly regulated process. In unstressed cells, Elongin A is predominately present as part of Pol II elongation factor Elongin. Assembly of Elongin A into the ubiquitin ligase is strongly induced by genotoxic stress; by transcriptional stresses that lead to accumulation of stalled Pol II; and by other stimuli, including endoplasmic reticulum and nutrient stress and retinoic acid signaling, that activate Elongin A-dependent transcription. Taken together, our findings shed new light on mechanisms that control the Elongin A ubiquitin ligase and suggest that it may play a role in Elongin A-dependent transcription.
Elongin A plays multiple roles in regulation of transcription elongation by RNA polymerase II (Pol II). 3 Elongin A was first identified as a subunit of the Elongin complex, a Pol II elongation factor that interacts directly with transcribing Pol II and stimulates the overall rate of RNA chain synthesis (1, 2) . The Elongin complex is a heterotrimer composed of the large, transcriptionally active Elongin A protein and two smaller proteins, Elongins B and C, which form a stable subcomplex that binds to Elongin A through a short sequence motif referred to as the BC-box and stimulates Elongin A transcription activity (3, 4) . Elongin C is similar in sequence to the SCF ubiquitin ligase subunit Skp1, whereas Elongin B is a ubiquitin-like protein (5, 6) . Elongin A has been implicated in activation of Pol II transcription in response to a variety of signals, including retinoic acid, ecdysone, notch, EGF, and TGF-␤, as well as stresses, such as heat shock, DNA damage, nutrient deprivation, and endoplasmic reticulum (ER) stress (7) (8) (9) (10) (11) (12) . In at least some cases, Elongin A is thought to function in the release of promoterproximally paused Pol II (9) .
In addition to its function as a Pol II elongation factor, Elongin A has been shown to function as the substrate recognition subunit of a Cullin-RING ubiquitin ligase that targets the Rpb1 subunit of transcriptionally stalled Pol II for ubiquitylation and degradation by the proteasome (13) (14) (15) (16) (17) . The Elongin A-containing ubiquitin ligase belongs to the large BC-box (SOCS-box) family of Cullin-RING ubiquitin ligases (reviewed in Ref. 18 ). Members of this family include a substrate recognition subunit that binds via a BC-box to an Elongin BC heterodimer, which functions as an adaptor to link the BC-box protein to a heterodimeric submodule composed of a Cullin protein (CUL2 or CUL5) and one of two RING finger proteins, RBX1 or RBX2 (19) . The RING domains of RBX1 or RBX2 interact directly with an E2 ubiquitin-conjugating enzyme to promote transfer of ubiquitin to substrate bound by the ligase (18) . In the Elongin A ubiquitin ligase, CUL5 links a CUL5-RBX2 module to the Elongin ABC complex through interactions with Elongin C and a short amino sequence motif referred to as the Cullin-box located just C-terminal to the BC-box in Elongin A (Fig. 1A) (10, 19) .
Exposure of cells to UV irradiation and other DNA-damaging agents or to drugs that induce Pol II stalling and/or arrest induces ubiquitylation and degradation of Rpb1 (20 -22) . Sim-ilarly, transcription-coupled ubiquitylation of Rpb1 in vitro is strongly stimulated by conditions that provoke transcriptional stalling/arrest (23) (24) (25) (26) . In both yeast and mammalian cells, DNA damage-induced Rpb1 ubiquitylation is impaired by mutation or silencing of the Elongin A gene (14, 16) . In addition, mutation of the ELC1 or CUL3 genes, which encode the yeast orthologs of Elongin C and CUL5, respectively, leads to defects in DNA damage-induced Rpb1 ubiquitylation (16, 17) . The HECT domain E3 ubiquitin ligase NEDD4 (referred to as Rsp5 in yeast) has also been implicated in Pol II ubiquitylation (27) (28) (29) . Biochemical experiments have revealed that Pol II ubiquitylation is a two-step process initiated by monoubiquitylation of Rpb1 by NEDD4/Rsp5 (15) , followed by polyubiquitylation by the Elongin A ubiquitin ligase (14, 15) . Based on these observations, it has been proposed that NEDD4/Rsp5 and the Elongin A ubiquitin ligase function together as part of a "failsafe" mechanism for ubiquitylation and removal of Pol II that is stalled at sites of DNA damage or other impediments and would otherwise block further transcription of genes (15, 30) .
As part of our effort to understand the function of the Elongin A ubiquitin ligase, we have been investigating mechanism(s) that control its assembly and activation. Here, we report that Elongin A and CUL5 are rapidly recruited in cells to regions of localized DNA damage. Assembly of the Elongin A ubiquitin ligase is triggered following DNA damage as well as by treatment of cells with drugs that block Pol II elongation. Ligase assembly is also triggered by induction of ER and nutrient stress and by retinoic acid signaling, all of which can activate Elongin A-dependent transcription. Taken together, these findings argue that assembly of the Elongin A ubiquitin ligase is a tightly regulated process that can be driven at least in part by the availability of its substrate, transcriptionally stalled Pol II. In addition, they raise the possibility that the Elongin A ubiquitin ligase not only contributes to degradation of stalled Pol II but might also play a more active role in Elongin A-dependent transcription.
Experimental Procedures
Materials-Monoclonal anti-FLAG M1 antibody produced in mice (F3040) was from Sigma. Rabbit anti-Cul5 antibody (NBP1-22970) was from Novus Biologicals, and goat anti-Elongin A (R-19) C-terminal antibody was purchased from Santa Cruz Biotechnology, Inc. Anti-(6-4) photoproduct (6-4 PP) monoclonal antibody (clone 64M-2) (CAC-NM-DND-002) and anti-cyclobutane pyrimidine dimer (CPD) monoclonal antibody (clone TDM-2) (CAC-NM-DND-001) were purchased from Cosmo Bio Co., Ltd. Rabbit anti-␥-H2A.X (phospho-Ser-139) antibody (DNA double strand break marker; ab2893) was from Abcam. Donkey anti-rabbit IgG Alexa Fluor 568 (A-10042), chicken anti-goat IgG Alexa Fluor 488 (A-21467), and chicken anti-mouse IgG (H ϩ L) (A-21463) were purchased from Life Technologies and used as secondary antibodies for indirect immunofluorescence. HaloTag R110Direct TM ligand G3221 was purchased from Promega. Hoechst solution (33258; used at 1:1000 dilution), 5,6-dichloro-1-␤-ribofuranosyl benzimidazole (DRB; D1916; used at 25 M), L-histidinol dihydrochloride (H-6647; used at 2 mM), (S)-(ϩ)-camptothecin (C-9911; used at 5 M), aphidicolin (A-4487; used at 4 M), hydroxyurea (H-8627; used at 200 M), all-trans-retinoic acid (R-2625; used at 10 M), methyl methanesulfonate (129925; used at 0.1 M), hydrogen peroxide (16911; used at 300 M), bleomycin sulfate (B-5507; used at 20 M), triptolide (T-3652; used at 10 M), and thapsigargin (T-9033; used at 300 nM) were all from Sigma. KU60019 (S1570; used at 10 M) and PJ34 (S2886; used at 10 M) were purchased from Selleckchem. ␣-Amanitin (used at 10 M) was purchased from Sigma (A2263) or EMD/Millipore (129741). Etoposide (341205; used at 100 M) was purchased from Millipore. FuGENE HD and ViaFect transfection reagents were obtained from Promega.
Cell Culture and Stable Cell Lines-HEK293 and HeLa cells were cultured in DMEM and U2OS cells in McCoy's medium (Gibco), at 37°C in 5% CO 2 . All media were supplemented with 5% Glutamax, 10% fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin (Gibco). HEK293 cells stably expressing FLAG-ELOA were generated using pcDNA5/FRT/FLAG-ELOA and the Flp-in system (Invitrogen). For some experiments, culture medium for U2OS cells contained phenol red-free McCoy's medium and charcoal-stripped One Shot TM fetal bovine serum (Gibco).
Plasmids-To generate Halo pcDNA5 plasmids encoding Halo-tagged versions of rat Elongin A (GenBank TM accession number AAA82095), DNA fragments flanked by SgfI and PmeI restriction sites were amplified from plasmids encoding wild type and mutant rat Elongin A (4) and transferred into the SgfI and PmeI sites in the plasmid Halo pcDNA5/FRT PacI PmeI (31) . pFN21A-TCEB3, encoding Halo-tagged human ELOA (GenBank TM accession number NP_003189.1) was purchased from Promega (catalog no. FHC03618). A plasmid encoding mCherry-tagged CUL5 (mCherry-CUL5) was constructed by introducing a PCR-generated DNA fragment encoding human CUL5, flanked by BglII and KpnI restriction sites, into pmCherry-C1 (Clontech, 632524). Plasmids pCI-Neo-ELOB and pCI-Neo-ELOC were generated by introducing cDNAs encoding human Elongins B and C, respectively, into pCI-Neo (Promega, E1841) and were a gift from Takumi Kamura. To generate the plasmid encoding FLAG-Halo-tagged ALC1, ALC1 was PCR-amplified and introduced into a derivative of pcDNA5/FRT.
Immunopurification of FLAG-Elongin A-associated Proteins-Parental HEK293 cells or HEK293 cells stably expressing FLAG-ELOA were grown to 70 -80% confluence in 4 -5 15-cm plates and, where indicated, exposed to 20 J/cm 2 UVC in a UVP CL-1000 cross-linker and allowed to recover for 10 min in a 37°C, 5% CO 2 incubator. Nuclear extracts were prepared as described (32) , except that they were extracted with buffer containing 0.42 M NaCl instead of KCl. The resulting nuclear extracts were mixed with anti-FLAG (M2)-agarose beads (Sigma) equilibrated in 10 mM HEPES-NaOH, pH 7.9, 0.2% Triton X-100, 0.3 M NaCl, 10 mM KCl, 1.5 mM MgCl 2 , and protease inhibitor mixture (Sigma; catalog no. P8340) in a ratio of 100 l of packed beads/3 ml of nuclear extract and gently rocked overnight at 4°C. The beads were washed four times with a 50-fold excess of the same buffer. Proteins were eluted by incubation for 30 min at 4°C with one packed bead volume of 10 mM HEPES-NaOH, pH 7.9, 0.05% Triton X-100, 0.1 M NaCl, 1.5 mM MgCl 2 , protease inhibitor mixture, and 0.2 mg/ml FLAG pep-tide (Sigma). Beads were removed by centrifugation, and the elution was repeated an additional two times. Purified proteins were subjected to immunoblotting or analyzed by multidimensional protein identification technology (MudPIT) mass spectrometry.
Mass Spectrometry-Identification of proteins associated with FLAG-Elongin A was accomplished using a modification of the MudPIT procedure (33, 34) using an LTQ ion trap mass spectrometer equipped with a nano-LC electrospray ionization source (Thermo Scientific). Tandem mass spectra (MS/MS) were interpreted using SEQUEST (35) against a database of 29,178 human proteins (downloaded from NCBI on August 16, 2011) and complemented with 177 sequences from frequent contaminants (human keratins, IgGs, proteolytic enzymes). To estimate false discovery rates, each sequence was randomized (keeping amino acid composition and length the same), and the resulting "shuffled sequences" were added to the forward database and searched at the same time. Peptide/spectrum matches were sorted and selected using DTASelect (36) with the following criteria set. The DeltCn was required to be at least 0.08, with minimum XCorr value of 1.8 for singly charged, 2.0 for doubly charged, and 3.0 for triply charged spectra, and a maximum Sp rank of 10. Using these criteria, the overall false discovery rates for samples prepared from UV-treated or non-irradiated cells were 0.11 or 0.17%, respectively. Peptide hits from multiple runs were compared using CONTRAST (36) . Relative protein levels were estimated using distributed normalized spectral abundance factors (dNSAFs) calculated for each protein as described (37) (38) (39) (40) .
Microirradiation, Live Imaging, Acceptor Photobleaching (AP)-FRET, and Image Analysis-Time lapse movies, UV microirradiation, and AP-FRET measurements were performed on a PerkinElmer Life Sciences UltraVIEW VoX spinning disk microscope, which included a Yokagawa CSU-X11 spinning disk, an ORCA-R2 camera (Hamamatsu), and a PerkinElmer Life Sciences PhotoKinesis accessory. The microscope base was a Carl Zeiss Axiovert 200M equipped with a ϫ40, 1.3 numerical aperture plan-apochromat objective. All emission was collected through a multiband dichroic (405/488/561/640 nm). R110Direct was excited with the 488-nm laser and was imaged with a 500 -550-nm emission filter. mCherry was excited with the 561-nm laser and imaged through a 415-475-nm, 580 -650-nm multiband emission filter. Hoechst was excited with the 405-nm laser and imaged through a 415-475-nm, 580 -650-nm multiband emission filter. Imaging of singly labeled cells demonstrated that these filter settings eliminated bleedthrough. Laser power and exposure time were adjusted beforehand to maximize image quality and eliminate significant photobleaching; the absence of photobleaching was confirmed by observing unperturbed cells in the acquisition field of view.
Prior to microirradiation and/or AP-FRET, HeLa or U2OS cells were plated at 50 -60% confluence in MatTek glass bottom dishes (35 mm, No. 2 14-mm diameter glass) and were transfected using FuGENE HD (HeLa cells) or ViaFect (U2OS cells) with plasmids encoding Halo-ELOA (100 ng), mCherry-CUL5 (400 ng), ELOB (100 ng), and ELOC (100 ng). To label Halo-tagged proteins with rhodamine 110 in living cells, medium was changed after 24 h, HaloTag R110Direct TM ligand was added to a final concentration of 100 nM, and cells were allowed to incubate overnight without washing as directed in the manufacturer's protocol. Except where indicated in the figure legends, cells were stained for 30 min with Hoechst dye to mark nuclei and/or sensitize cells to UV irradiation 48 h post-transfection.
Microirradiation was performed as follows. Cells were subjected to laser UV microirradiation in a 200 ϫ 3-pixel (34 ϫ 0.51-m) stripe or a diffraction-limited spot centered in the nucleus. The microirradiation was performed with 100% 405-nm laser power, and cells were exposed to 500 -700 microwatts for ϳ3 s (40 iterations) and 1.5 s (250 iterations) for the stripe and spot, respectively. Before and after microirradiation, one image/s was collected. Under these conditions, normal cell and nuclear morphology was preserved over the time scale of the experiment. Quantitative analysis of protein recruitment following microirradiation was performed with custom analysis plugins in ImageJ (National Institutes of Health, Bethesda, MD); plugins are available for download at the Stowers Institute Web site. Camera offset and uniform background were subtracted by manually selecting a background region and subtracting its average from each channel and frame. In some cases, StackReg (P. Thévanez, Biomedical Imaging Group, Swiss Federal Institute of Technology Lausanne) was used to correct for translational drift. The fluorescence intensity of the microirradiated stripe as a function of time (I(t)) was measured as the average intensity of a manually selected region corresponding to the visible bleached region immediately after microirradiation. Total nuclear fluorescence intensity (T(t)) was measured in the same way, selecting the nuclear boundary. Normalized recruitment (Rt) values were calculated using the equation,
where I(0) and T(0) are the average fluorescence intensities of the microirradiated and total nuclear region, respectively, averaged over the preirradiation time period.
For measurements of AP-FRET, a sequence of at least three images of each region of interest was collected before and after photobleaching of the mCherry photoacceptor with 15 iterations of 100% 561-nm laser power. Under these conditions, we observed no photobleaching of the rhodamine 110 donor fluorophore in control experiments performed with cells expressing rhodamine 110-labeled, Halo-tagged protein without a mCherry photoacceptor. FRET efficiencies (E) were calculated as follows,
where the brackets represent a temporal average, and I before and I after refer to the donor fluorescence intensity before and after acceptor photobleaching.
Indirect Immunofluorescence-Untransfected HeLa cells were plated on either 4-well chamber slides (BD Falcon) or MatTek Glass bottom dishes, 35 mm, No. 2 (14-mm diameter glass) gridded dishes and grown to ϳ60% confluence. Cells were stained or not with Hoechst dye and subjected to laser UV microirradiation as described above. For the experiments in Table 1 , a preselected diffraction limited spot in the nucleus was irradiated as described above. Cells were then fixed in 2% paraformaldehyde for 20 min, washed in ice-cold PBS, permeabilized using 0.5% Triton in phosphate-buffered saline, and incubated with a blocking buffer containing 5% BSA, 100 M MgCl 2 , and 0.1% Triton for 1 h at room temperature. Dishes or slides were incubated overnight with primary antibodies as indicated. Cells were washed in blocking buffer without BSA and then incubated for 1 h in the dark with appropriate secondary antibodies at a final concentration of 0.005 mg/ml. After washing with phosphate-buffered saline, ProLong gold antifade reagent with DAPI (Life Technologies, P36935) was added. The same microirradiated cells were located for imaging by a combination of the relative grid positioning and morphology. To compare levels of 6-4 PPs, CPDs, and ␥-H2A.X in Hoechstsensitized and unsensitized U2OS cells, cells were either treated or not with Hoechst dye for 30 min and exposed or not to 20 J/cm 2 UVC in a UVP CL-1000 cross-linker and allowed to recover for 10 min in a 37°C, 5% CO 2 incubator. After cells were fixed and permeabilized as described above, 2 M HCl was added for 30 min to denature cellular DNA. Cells were washed, blocked as described above, and incubated with anti-6-4 PPs, anti-CPDs, or ␥-H2A.X overnight. After incubation with appropriate secondary antibodies and washing with phosphatebuffered saline, fixed and stained cells were treated with Pro-Long gold antifade reagent with DAPI. Anti-CUL5 and ␥-H2A.X staining was visualized with donkey anti-rabbit Alexa Fluor 568, anti-Elongin A was visualized with chicken anti-goat Alexa Fluor 488, and anti-6-4 PPs and CPD were visualized with chicken anti-mouse Alexa Fluor 647. Regions of cells growing in a monolayer were selected based on postfixation DAPI staining. Individual nuclei were outlined manually, and quantitative analysis of fluorescence intensity was performed using custom analysis plugins in ImageJ (National Institutes of Health). Camera offset and uniform background were subtracted by manually selecting a background region and subtracting its average from each channel and frame.
Results

Isolation of the Elongin A Ubiquitin Ligase from UV-irradiated Cells-
In initial experiments to determine whether assembly of the Elongin A ubiquitin ligase is a regulated process, we observed that Elongin A copurified with substantially more of the ubiquitin ligase subunit CUL5 from extracts of UV-irradiated cultured cells than from extracts of untreated cells. Elongin A and associated proteins were purified by anti-FLAGagarose immunoaffinity chromatography from HEK293 Flp-In cells stably expressing N-terminally FLAG-tagged human Elongin A. As shown in the Western blots of Fig. 1B , little or no CUL5 copurified with FLAG-Elongin A from nuclear extracts prepared from untreated cells; however, CUL5 was readily detected in FLAG immunoprecipitates from cells harvested 10 min after exposure to UV irradiation. Elongin A-associated proteins were also analyzed by MudPIT mass spectrometry (33, 34) . Consistent with Western blotting results, CUL5 was detected by mass spectrometry only in FLAG immunoprecipitates from UV-irradiated cells (Fig. 1C ). In MudPIT data sets, the relative amount of a particular protein in a sample can be estimated from a normalized spectral abundance factor, or dNSAF (40) . Comparison of relative dNSAF values in samples prepared from control and UV-irradiated cells suggests that Elongins B and C are constitutively bound to Elongin A, in roughly stoichiometric amounts. In contrast, CUL5 was detected only in samples prepared from UV-irradiated cells, with a normalized spectral abundance factor value ϳ2% of the dNSAFs of Elongins A, B, and C. Thus, even after UV irradiation, only a small fraction of FLAG-Elongin A was stably associated with CUL5. We also note the appearance in FLAG-Elongin A immunoprecipitates of the ubiquitin-like NEDD8 protein, which is conjugated to Cullin proteins in a process that is important for the assembly and/or activity of Cullin-RING ubiquitin ligases (reviewed in Ref. 41) . Taken together, these findings suggest that UV irradiation of cells either induces assembly of the Elongin A ubiquitin ligase or, alternatively, increases the amount of ligase complex that can be solubilized during preparation of nuclear extracts. JUNE 12, 2015 • VOLUME 290 • NUMBER 24
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Elongin A and CUL5 Are Recruited to Sites of Laser Microirradiation-Many proteins with roles in DNA damage repair and/or the cellular response to DNA damage are rapidly recruited to regions of DNA damage induced by UV irradiation of cells sensitized by treatment with intercalating dyes. UV irradiation of sensitized cells results in the formation of double and single strand DNA breaks as well as other forms of DNA dam-age (42, 43) . Because the Elongin A ubiquitin ligase participates in Pol II ubiquitylation following DNA damage (11, 14 -17) , we asked whether we could detect recruitment of Elongin A and CUL5 to sites of DNA damage. In these experiments, the nuclei of HeLa cells that had been pretreated with the DNA-intercalating Hoechst dye were subjected to UV microirradiation with a 405-nm laser to induce localized DNA damage (Fig. 2) . Five minutes after irradiation, cells were fixed and analyzed by indirect immunofluorescence using antibodies against endogenous Elongin A, CUL5, and ␥-H2A.X, which marks sites of nuclear DNA damage (44) . Elongin A and ␥-H2A.X were both enriched at sites of microirradiation (Fig. 2, B-D and F) , as was CUL5 (Fig. 2G) . Notably, there was a significant increase in the spatial correlation, assessed by Pearson correlation, of anti-Elongin A and anti-CUL5 immunostaining throughout the entire nuclei of sensitized cells exposed to localized UV microirradiation or to whole cell UV irradiation ( Table 1) .
We also assessed the recruitment of Elongin A and CUL5 to sites of DNA damage in living cells using mCherry-tagged CUL5 (mCherry-CUL5) and Elongin A fused to an N-terminal Halo tag (Halo-Elongin A) covalently labeled with a cell-permeable rhodamine 110 derivative (HaloTag R110Direct) (45) . These exogenously expressed proteins behaved similarly to their endogenous counterparts; Halo-Elongin A, like endogenous Elongin A, exhibited a largely nuclear localization, whereas mCherry-CUL5 was distributed throughout both the nucleus and cytoplasm (Fig. 3A) . In addition, both Halo-Elongin A and mCherry-CUL5 were rapidly enriched at lasertargeted regions after microirradiation of nuclei in Hoechstsensitized cells ( Fig. 3B ). Of note, enrichment of Halo-Elongin A or mCherry-CUL5 was not detected in unsensitized cells subjected to UV laser microirradiation (Fig. 3C) .
Genotoxic Stress Induces Assembly of Elongin A and CUL5 in Living Cells-To monitor assembly of the Elongin A ubiquitin ligase in living cells, we used FRET to measure interaction of Halo-Elongin A with mCherry-CUL5. During FRET, energy is transferred by a donor fluorophore to an acceptor fluorophore.
FIGURE 2. Enrichment of Elongin A and CUL5 at sites of localized DNA damage induced by laser microirradiation. HeLa cells were stained with
Hoechst dye, and some cells in each field were microirradiated with a 405-nm UV laser. Cells were fixed and analyzed by indirect immunofluorescence using anti-Elongin A (B and F) and anti-␥-H2A.X (C) or anti-CUL5 (G). Merged images are shown in D and H, and Hoechst staining is shown in A and E. Arrows, microirradiated regions. Scale bars, 26 m.
FIGURE 3. Rapid recruitment of Elongin A and CUL5 after microirradiation of living cells. A, localization of Halo-Elongin A and mCherry-CUL5 in U2OS cells.
B, Hoechst-sensitized U2OS cells expressing Halo-Elongin A and mCherry-CUL5 were microirradiated and imaged 1 s before (Ϫ1 s) or at the times indicated after initiation of microirradiation. C, unsensitized U2OS cells expressing Halo-Elongin A and mCherry-CUL5 were microirradiated along a stripe running between the white arrows and imaged as in B.
TABLE 1 Co-localization of Elongin A and CUL5 immunostaining
Spatial image Pearson cross-correlation (Pearson (x, y)) between green (anti-Elongin A immunostaining) and red (anti-CUL5 immunostaining) fluorescence was determined for individual cells (n ϭ 10).
Pearson correlation coefficient (x, y)
Non-irradiated cells 0.31 Ϯ 0.14 Whole cell irradiation (20 J) 0.79 Ϯ 0.14
Microirradiated cells
Crossing irradiation site 0.93 Ϯ 0.05 Not crossing irradiation site 0.87 Ϯ 0.02
As a result of the energy transfer, the emission of the donor is quenched, and that of the acceptor is enhanced in a strongly distance-dependent fashion; for typical fluorescent proteins, FRET occurs only at distances less than 100 Å (46) . The emission spectrum of the donor fluorophore rhodamine 110 (R110) on Halo-Elongin A overlaps the excitation spectrum of the mCherry acceptor on CUL5, allowing energy transfer when donor and acceptor are in close proximity. In these experiments, we used a variant of FRET called AP-FRET (47) . In AP-FRET, FRET efficiency is determined by comparing the donor fluorescence emission before acceptor photobleaching (when energy can be transferred to acceptor molecules) with donor emission after acceptor photobleaching (when the acceptor can no longer absorb energy emitted from the donor). As shown in the representative images in Fig. 4, A and B , and in the data shown in Fig. 4C , an increase in fluorescence from the R110labeled Halo tag was readily detected after acceptor photobleaching of UV-irradiated, Hoechst-sensitized HeLa or U2OS cells expressing both Halo-Elongin A and mCherry-CUL5. This AP-FRET signal reflects an interaction between Elongin A and CUL5, because we found in control experiments that it was not observed after photobleaching of cells expressing free Halo tag and mCherry, Halo-Elongin A and free mCherry, or free Halo tag and mCherry-CUL5 ( Fig. 4, A-C) . As shown in Fig. 4C , the AP-FRET signal was ϳ4 -7-fold smaller in non-irradiated sensitized cells than in sensitized cells subjected to UV irradiation. Taken together, these results argue that assembly of the Elongin A ubiquitin ligase is strongly induced following UV irradiation of Hoechst-sensitized cells. The biochemical experiments shown in Fig. 1 indicate that UV-induced DNA damage alone is sufficient to induce some Elongin A-CUL5 interaction. Nevertheless, we detected little to no AP-FRET signal in cells that had not been presensitized with Hoechst, although ␥-H2A.X and UV-induced lesions, including CPDs and 6-4 PPs, still accumulated in unsensitized cells, albeit to a somewhat lesser amount than in cells treated with Hoechst (Fig. 4, D and E) . Thus, it appears that formation of UV-induced lesions, such as CPDs, 6-4 PPs, and other photoproducts, does not provide a sufficiently potent signal to drive enough ligase assembly to be detected in single cell, AP-FRET assays. We also measured Elongin A-CUL5 AP-FRET in cells treated with a variety of agents that induce genotoxic stress. These agents included hydrogen peroxide; the topoisomerase 1 inhibitor camptothecin; the topoisomerase 2 inhibitor etoposide; the DNA-alkylating agent methyl methanesulfonate; bleomycin, which catalyzes formation of single-stranded and doublestranded DNA lesions; and aphidicolin and hydroxyurea, which interfere with DNA replication and can cause formation of DNA lesions including single and double strand breaks. As shown in Fig. 4D , after all of these treatments, the Elongin A-CUL5 AP-FRET signal was increased compared with that seen in cells treated with vehicle alone, indicating that multiple genotoxic stresses can drive assembly of the Elongin A ubiquitin ligase.
To begin to address the mechanism by which genotoxic stress leads to assembly of the Elongin A ubiquitin ligase, we asked whether it is restricted to DNA damage regions. To do so, we compared AP-FRET at sites of microirradiation and elsewhere in the nucleus (Fig. 5A ). We observed that the AP-FRET signal measured at damage regions reached a maximum within 2 min after laser microirradiation and persisted for at least 15 min. When measured at positions in the nucleus distant from sites of microirradiation, AP-FRET signal was increased to a similar extent and with similar kinetics, indicating that the Elongin A ubiquitin ligase is not restricted to sites of microirradiation-induced DNA damage and raising the possibility that signaling pathways activated by DNA damage might contribute to ligase assembly.
One of the earliest steps in DNA damage signaling involves recruitment and activation of poly(ADP-ribose) polymerases (PARPs) at DNA lesions, and the resulting localized synthesis of poly(ADP-ribose) contributes to rapid recruitment of enzymes with roles in multiple DNA repair pathways. To determine whether PARP activity is needed for recruitment and/or assembly of the Elongin A ubiquitin ligase, we treated cells with the PARP inhibitor PJ34. Under conditions where PJ34 completely inhibited recruitment of the PARP-activated chromatin remodeling enzyme ALC1 to regions of microirradiation-in-duced DNA damage, PJ34 had no effect on either recruitment or assembly of the Elongin A ubiquitin ligase (Fig. 5, B and C) .
Microirradiation-induced Elongin A Recruitment and Assembly of the Elongin A Ubiquitin Ligase Are Independent
Processes-To explore the relationship between recruitment of Elongin A to regions of DNA damage and microirradiationenhanced assembly of the Elongin A ubiquitin ligase, we took advantage of Elongin A mutants that we have shown previously are defective in their abilities to bind Elongins B and C and/or CUL5 and to stimulate Pol II elongation and/or support ubiquitylation of Rpb1 (4, 14) ( Fig. 6A) . Elongin A mutant ⌬546 -565, which lacks the BC-box, fails to bind to Elongins B and C or to CUL5 and is inactive in transcription and Rpb1 ubiquitylation in vitro (4, 14) . A second mutant, Elongin A ⌬566 -585, FIGURE 5 . A, the Elongin A-CUL5 interaction is not restricted to DNA damage regions. FRET efficiencies were measured at or away from regions of laser microirradiation (n Ն 18). Cells were allowed to recover for 2, 5, or 15 min after microirradiation. Inset, representative images of Halo-Elongin A in microirradiated cells. Yellow boxes, regions of FRET measurements at or away from sites of laser microirradiation. B, assembly of the Elongin A ubiquitin ligase is independent of PARP activity. AP-FRET was measured 5 min after microirradiation of Hoechst-sensitized U2OS cells that had been treated or not with PARP inhibitor PJ34. Values represent average Ϯ S.E. (error bars) (n ϭ 15). C, Elongin A recruitment to microirradiated regions is not inhibited by PJ34. Kinetics of Elongin A or ALC1 recruitment (n ϭ 15) to microirradiated regions of Hoechstsensitized U2OS cells, with or without PJ34. Cells were imaged every second, and intensity values were binned over 5-s intervals. Microirradiation was initiated at time ϭ 0 s. binds to Elongins B and C but is unable to stimulate Pol II elongation or to support ubiquitylation in vitro. A third mutant, Elongin A ⌬401-440, binds normally to Elongins B and C and to CUL5, and it supports stimulation of Pol II elongation and Rpb1 ubiquitylation in vitro. Comparison of fluorescence intensity indicated that there were no significant differences between the average levels of expression of the Halo-tagged wild type and mutant Elongin A proteins, although the expression level of each protein varied in individual cells. Importantly, in single cell measurements, we observed no correlation between levels of wild type or mutant Halo-Elongin A expression and AP-FRET signals (Fig. 6, B and C) .
As expected, deletion of the BC-box led to a complete loss of microirradiation-induced binding of Elongin A to CUL5 in living cells as detected by AP-FRET (Fig. 6B) . In contrast, deletion of the BC-box had no significant effect on Elongin A enrichment at regions of laser-induced DNA damage (Fig. 6D) , arguing that recruitment of Elongin A to regions of DNA damage does not require prior assembly of the ubiquitin ligase. Deletion of Elongin A residues 566 -585 or 401-440 did not prevent UV-induced binding of Elongin A to CUL5, although the average AP-FRET signal was reduced by 50 -60% relative to that observed in cells expressing full-length Halo-Elongin A (Fig.  6B ). On the other hand, Elongin A ⌬566 -585 was only very weakly enriched at regions of laser-induced DNA damage, and there was no detectable enrichment of Elongin A ⌬401-440 ( Fig. 6D) . Thus, assembly of the Elongin A ubiquitin ligase does not depend on stable recruitment of Elongin A to microirradiated regions, supporting the idea that it can occur at a distance from sites of DNA damage.
Drugs That Interfere with Transcript Elongation, but Not Initiation, by Pol II Induce Assembly of the Elongin A Ubiquitin
Ligase-Because of prior evidence that Pol II stalling can induce Rpb1 ubiquitylation (23) (24) (25) (26) 48) , we wished to test the possibility that Pol II stalling can drive assembly of the Elongin A ubiquitin ligase independent of DNA damage. To do so, we took advantage of two drugs known to interfere with Pol II elongation by different mechanisms. The first, ␣-amanitin, is a general Pol II inhibitor that binds near the Pol II active site and reduces the rate of nucleotide addition from several thousand to just a few nucleotides/min (49 -51) . The other, DRB, is a cyclin-dependent kinase inhibitor that inhibits the P-TEFb kinase Cdk9 (52, 53) . P-TEFb activity is required for efficient elongation through promoter-proximal regions of genes but appears to be dispensable for elongation throughout the remainder of the gene body (54 -57) . As shown in Fig. 7A , Elongin A-CUL5 AP-FRET signal could be detected as early as 5 min after the addition of either ␣-amanitin or DRB to cells and reached levels almost as high as that attained after UV irradiation of sensitized cells, suggesting that Pol II stalling or arrest either near the promoter or throughout the transcribed region of genes can provoke assembly of the Elongin A ubiquitin ligase. We also used the Pol II transcription inhibitor triptolide, which has little or no effect on Pol II elongation but prevents transcript initiation by inhibiting the ATPase activity of the XPB subunit of the general transcription factor TFIIH (57, 58) . Unlike with ␣-amanitin or DRB, we observed no increase in Elongin A-CUL5 AP-FRET signal after treating cells for 60 min with triptolide, suggesting that inhibition of transcript initiation is not sufficient to drive ligase assembly. JUNE 12, 2015 • VOLUME 290 • NUMBER 24
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Double strand breaks and other DNA lesions are thought to cause Pol II to become stalled or arrested during transcript elongation, both because they can prevent Pol II from transcribing past the lesion (30, 59, 60) and because they induce checkpoint kinase-dependent transcriptional silencing on regions of chromatin proximal to the lesion (61, 62) . To begin to explore the possible relationship between mechanism(s) responsible for assembly of the Elongin A ubiquitin ligase after UV-induced DNA damage and Pol II stalling, we tested the effects on the Elongin A-CUL5 interaction of the small molecule inhibitor KU60019, which preferentially inhibits ATM kinase (63, 64) . Treatment with KU60019 had no effect on AP-FRET signal after the addition of ␣-amanitin or DRB (Fig. 7A ). In addition, it did not prevent enrichment of Elongin A at regions of localized DNA damage induced by UV microirradiation (Fig. 7B) . In contrast, treatment with KU60019 completely blocked the increase in AP-FRET signal after microirradiation or the addition of the topoisomerase inhibitor camptothecin. Taken together, these findings suggest that DNA damage or Pol II stalling/arrest drive assembly of the Elongin A ubiquitin ligase by different mechanisms or, alternatively, that KU60019 blocks a step upstream of Pol II stalling in the pathway leading to ligase assembly. In addition, they provide further evidence that the recruitment of Elongin A to DNA damage regions does not require prior assembly with CUL5 to form the ubiquitin ligase complex.
Retinoic Acid and ER-and Nutrient Stress-induced Assembly of Elongin A with CUL5-Results of previous studies have implicated Elongin A in activating transcription in response to retinoic acid signaling and to multiple stresses, including DNA damage, ER stress, and amino acid limitation (10 -12) . As we have shown, Elongin A and CUL5 are rapidly recruited to sites of laser microirradiation-induced DNA damage, and treatment of cells with various genotoxic agents drives assembly of Elongin A with the ubiquitin ligase subunit CUL5. We therefore asked whether assembly of Elongin A with CUL5 might also be provoked by treatment of cells with thapsigargin to induce ER stress, with histidinol to mimic amino acid limitation, or with retinoic acid. Strikingly, treatment of cells with either thapsigargin, histidinol, or retinoic acid led to increases in Elongin A-CUL5 AP-FRET signal comparable to those observed after DNA damage or treatment with drugs that cause Pol II stalling. Unlike the UV-induced Elongin A-CUL5 interaction but similar to that induced by ␣-amanitin or DRB, the interaction between Elongin A and CUL5 induced by retinoic acid, thapsigargin, or histidinol was not blocked by the ATM inhibitor KU60019 (Fig. 7C ).
Discussion
Previous studies revealed that the Elongin A protein exists in cells in at least two functionally distinct protein complexes. In the Elongin ABC complex, Elongin A functions as the transcriptionally active subunit of a Pol II transcription elongation factor. In the Elongin A ubiquitin ligase complex, Elongin A serves as the substrate recognition subunit of a CUL5/RBX2containing Cullin-RING ubiquitin ligase that targets the Rpb1 subunit of Pol II stalled at sites of DNA damage and perhaps other impediments. In this report, we have used AP-FRET to demonstrate that assembly of the Elongin A ubiquitin ligase is a tightly regulated process that can be induced in living cells by a variety of cellular stresses, including genotoxic and transcriptional stresses, thapsigargin-induced ER stress, histidinol-induced amino acid starvation, and retinoic acid signaling. To our knowledge, these studies provide the first evidence for regulated assembly of any of the large family of BC-box-Cullin-RING ligases and thus provide evidence for a new mechanism by which members of this family can be activated in response to diverse signaling pathways.
What signal or signals drive assembly of the Elongin A ubiquitin ligase? Our finding that the binding of Elongin A to CUL5 can be provoked not only by genotoxic stress but also by treating cells with either DRB or ␣-amanitin is consistent with the idea that the interaction of the Elongin ABC complex with its substrate, stalled Pol II, can induce its binding to CUL5 to form the ubiquitin ligase. There is precedent for the idea that substrate binding can promote formation of a ubiquitin ligase. For example, binding of the F-box protein and substrate recognition subunit Fbxl3 to its target, Cry1, has been shown to promote binding of Fbxl3 to Skp1 and CUL1 to form a functional SCF (Skp1-CUL1-F-box protein) ubiquitin ligase (65) .
The observation that Elongin A and CUL5 are co-recruited to regions of localized DNA damage induced by laser microir- radiation raises the possibility that the ligase assembles at or near DNA lesions. Notably, however, we observed that the Elongin A-CUL5 AP-FRET signal appears with similar kinetics and to a similar extent at sites of microirradiation and at distant regions within the same nuclei, indicating that the ligase is not restricted to regions of DNA damage. In addition, we identify Elongin A mutants that exhibit little to no enrichment at microirradiated regions but are still able to assemble with CUL5. Although we cannot rule out the possibility that ligase assembly is initiated during interactions with damage sites too transient to be detected in our assays, these results taken together are most consistent with the idea that DNA damage-induced assembly of the Elongin A ubiquitin ligase is controlled in part by diffusible signals within the cell or nucleus and might involve transcription-independent DNA damage signaling. Indeed, we find that assembly of the Elongin A ubiquitin ligase induced by DNA-damaging agents, but not by drugs that interfere with Pol II elongation, is blocked by treating cells with the protein kinase inhibitor KU60019, which is reported preferentially to inhibit the DNA damage checkpoint kinase ATM at the concentrations used in our experiments (63, 64) . We cannot conclude from inhibitor experiments alone that the block to DNA damage-induced assembly of the Elongin A ubiquitin ligase is specifically due to ATM-dependent checkpoint signaling. Nevertheless, our results do suggest that DNA damage promotes ligase assembly via a KU60019-sensitive mechanism independent of Pol II stalling or, alternatively, that the KU60019-sensitive step in the pathway leading to ligase assembly is upstream of Pol II stalling. The latter possibility would be consistent with prior evidence that DNA damage can interfere with Pol II transcript elongation via a checkpoint kinase-dependent mechanism(s) (61, 62) .
Finally, our observation that retinoic acid signaling as well as stresses including thapsigargin-induced ER stress and histidinol-induced amino acid starvation also induce assembly of the Elongin A ubiquitin ligase was somewhat surprising, because to our knowledge these stimuli have not been shown to induce Pol II stalling or arrest. Taken together with evidence that activation of some genes in response to retinoic acid signaling or to ER stress and amino acid starvation is defective in cells depleted of Elongin A (10 -12), our finding that ligase assembly is induced under these conditions raises the intriguing possibility that Rpb1 ubiquitylation by the Elongin A ubiquitin ligase could participate in the transcription activation process, either via an active mechanism that directly increases transcriptional efficiency or through the removal of aberrantly stalled or arrested Pol II that would otherwise block activation of the gene. Indeed, transcriptional activation of any given gene probably involves an increase in the number of elongating Pol II molecules and a concomitant increase in the probability that a Pol II molecule might become stalled or arrested, thereby blocking further transcription. In addition, actively transcribed regions are subject to increased rates of DNA damage that might reasonably be anticipated to increase the likelihood of Pol II stalling (reviewed in Ref. 66 ). Further, DNA breaks and other lesions are introduced in both the promoters and transcribed regions of some genes during transcriptional activation and have been proposed to play an integral role in the activation process (66 -72). Thus, one could imagine that signaling pathways that lead to substantial increases in transcription might also increase assembly and recruitment of the Elongin A ubiquitin ligase as a means of assuring that it is immediately available when needed to remove stalled or arrested Pol II.
Although our data raise the possibility that the Elongin A ubiquitin ligase might contribute to gene activation, it is important to emphasize that ligase-independent functions of Elongin are also likely to be important in this process, because transcription defects in Elongin A (Ϫ/Ϫ) or Elongin A knockdown cells can be rescued in whole or in part by Elongin A mutants that can stimulate Pol II elongation in vitro but do not support efficient Rpb1 ubiquitylation (10, 11) . Future studies investigating in more detail the biochemical mechanism(s) underlying regulation of assembly of the Elongin A ubiquitin ligase, the signals responsible for its induction, and the potential role of the ligase in Pol II transcription activation will be needed to resolve these issues.
